Objective: The insulin-resistant state of the polycystic ovary syndrome (PCOS) was found to be associated with a decreased glucose transporter GLUT4 expression in the insulin target tissues. This study was performed to explore whether the well-known clinical, hormonal and metabolic efficacy of metformin or rosiglitazone treatment is reflected in the modulation of adipocyte GLUT4 mRNA expression in patients with PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is a common endocrinopathy of complex and multifactorial aetiology characterized by hyperandrogenism and chronic anovulation (1) . It affects 4-10% women of reproductive age and is one of the most common causes of anovulatory infertility (2) . Over the last 20 years, it has been widely recognized that in addition to endocrine and reproductive abnormalities, most women with PCOS demonstrate metabolic disturbances. Insulin resistance (IR) is the most significant and highly prevalent among these. Overall, w50-60% of PCOS patients suffer from IR (3, 4) compared with a prevalence of IR in the general population of 10-25%, depending on methods applied and the population's mean body weight (5) (6) (7) .
The IR, which is intrinsic to the syndrome and independent of obesity, is poorly understood. Several laboratories have investigated the cellular mechanisms underlying IR in PCOS (8) (9) (10) (11) (12) (13) . The adipose tissue seems to play an important role in the development and maintenance of the condition. The cellular mechanisms underlying IR in PCOS are secondary to an early postreceptor defect in insulin-signalling cascade with a decreased downstream signal transduction in the face of normal insulin binding (12) . The distal aspects of insulin signalling, beyond insulin receptor action and phosphorylation, have been less well explored. It was reported that the amount of adipocyte GLUT4 transporters was lower in PCOS patients than in controls and was independent of body mass index (BMI) (13) .
The most significant advance in the understanding of PCOS has been the recognition that IR accompanied by compensatory hyperinsulinemia is a key component in the pathogenesis of the syndrome (14) . This finding has led to the application of insulin-sensitizing drugs, metformin and thiazolidinediones (TZDs), as a treatment option for this disorder. Metformin is the most extensively studied insulin-sensitizing agent for the treatment of women with PCOS. It inhibits hepatic glucose production and enhances peripheral tissue sensitivity to insulin, necessitating a lower insulin concentration and thereby probably reducing the androgen production of theca cells in the ovaries (15) . Metformin also appears to suppress ovarian steroidogenesis directly (16, 17) . Some investigators have reported increased sex hormone binding globulin (SHBG) levels with metformin, decreasing free androgen bioavailability (18) . Many studies have shown that metformin reduces plasma androgen levels and improves parameters of hyperinsulinism (19, 20) . Several randomized trials and meta-analyses have demonstrated its efficacy in increasing ovulation rates when used as monotherapy and increasing ovulation and pregnancy rates when used in conjunction with clomiphene citrate (19) (20) (21) . The recent Cochrane review compared metformin with the oral contraceptives (OCP) in PCOS. Limited data demonstrated no evidence of difference in effect between the metformin and the OCP on hirsutism and acne. Metformin was less effective than the OCP in improving menstrual pattern and in reducing serum androgen levels and more effective than the OCP in reducing fasting insulin and not increasing triglyceride levels (22) . However, the effects of metformin on hirsutism (23) , weight reduction (19-21, 23, 24) and lipids (25, 26) in PCOS subjects remain controversial. The actual protection from cardiovascular morbidity and mortality has yet to be demonstrated.
Currently, there are limited data on the use of TZDs in PCOS. TZDs exert their insulin-sensitizing actions through the peroxisome proliferator-activated receptor-g found in a number of tissues including the liver, the skeletal muscle and the adipose tissue. They increase insulin sensitivity without increasing insulin secretion through activation of multiple genes, including the up-regulation of glucose transporters (GLUTs). TZDs increase the uptake and utility of glucose in peripheral tissues and decrease hepatic gluconeogenesis, promote adipocyte differentiation, in the adipose tissue, leading to the production of smaller, more insulin-sensitive fat cells (27) . They redistribute fat from the visceral fat compartment, which is strongly associated with IR and cardiovascular risk, to the s.c. fat tissue, which is not associated with a cardiovascular risk (28, 29) . They also affect ovarian steroid synthesis directly by inhibiting enzymes 3b-hydroxysteroid dehydrogenase and P450c17-a (30) . Findings report increased SHBG with TZDs (31) . Troglitazone that is now unavailable, due to hepatic toxicity, is the most researched agent in PCOS. It produced significant endocrine, metabolic and ovulatory benefits (32) (33) (34) . Rosiglitazone, the representative of a new generation of TZDs, has been shown to increase the ovulation rates, reduce the hyperandrogenism and improve the metabolic profile (35) (36) (37) (38) (39) (40) .
Despite the presence of several well-documented favourable reproductive and metabolic effects of insulin sensitizers in PCOS population, their tissue-specific cellular effects in PCOS are, however, less clear. The purpose of our study was to explore whether the clinical, hormonal and metabolic efficacy of metformin and rosiglitazone treatment is reflected in a modulation of the gene expression for the most important glucose transporter GLUT4 in subcutaneous adipocytes from women with PCOS.
Subjects and methods

Study population
We recruited 35 women with PCOS as classified according to the National Institute of Child Health and Human Development (NICHD) criteria (41) . We have chosen the NICHD criteria because they better define the population of PCOS patients that are at higher risk for IR and cardiometabolic complications than the Rotterdam criteria do (42) . All subjects gave their written informed consent before entering the study, which was conducted in accordance with the Declaration of Helsinki and approved by the national ethical committee. The baseline characteristics of the patients are presented in Table 1 . Clinical hyperandrogenism was defined by the presence of hirsutism, represented by a modified Ferriman -Gallwey score of 7 or more, the persistence of acne during the third decade of life or later, or the presence of androgenic alopecia. No attempts were made to grade the severity of acne or alopecia. Hyperandrogenemia was defined as a total or free testosterone, androstenedione, and/or DHEA sulphate (DHEAS) level above the 95th percentile of normal population values. Menstrual dysfunction was defined by more than six cycles with a length of more than 35 days (oligomenorrhea), and/or when the patient had not had any menstrual bleeding for 3 consecutive months (amenorrhea) during the previous year. We took a history of menstrual bleeding for the period of 6 months before starting the treatment and followed each menstrual bleeding during the treatment. All patients had normal serum prolactin concentrations and thyroid function tests. Possible Cushing's syndrome or congenital (nonclassic) adrenal hyperplasia was excluded (41) . Additional exclusion criteria were type 1 or type 2 diabetes mellitus, a significant cardiovascular or hepatic disease, and the use of medications known or suspected to affect reproductive or metabolic functions, within 60 days prior to study entry. None of the patients had ever taken insulinsensitizing drugs prior to the study. The control group (Controls) included 12 age-matched healthy women without clinical or laboratory evidence of PCOS and with normal insulin sensitivity (age (years; meanGS.D.) 23.5G0.7, BMI (kg/m 2 ) 20.9G0.73, homeostasis model assessment (HOMA IR ) 0.85G0.15). They were not on any medication that could affect hormonal status.
Experimental protocol
The patients were randomly allocated to a 6-month treatment with either metformin (MET) 850 mg twice daily or rosiglitazone (ROSI) 4 mg once a day for 6 months. As a method of randomization, the RAND programme in Excel was used. The MET group included 18 women (age (years) 22.9G4.5). The ROSI group included 17 women (age (years) 25.2G4.8). At baseline and end point of the study, they underwent a physical examination. A fasting blood sample was drawn for determination of glucose, insulin and other observation parameters followed by a standard 75 g oral glucose tolerance test (OGTT). All the blood samples were centrifuged and the separated serum was kept frozen at K40 8C until the time of the assay. Subcutaneous adipose tissue samples were obtained from the sub-umbilical abdominal region under local anaesthetic with 2% lidocaine. A sterile needle (3 cm! 2 mm) attached to a 20 ml sterile plastic syringe was inserted through the skin and the adipose tissue was drawn into the syringe by suction (43) . The adipose tissue was immediately frozen in liquid nitrogen and stored at K70 8C until analyzed. Since the majority of patients suffered oligomenorrhea or amenorrhea during the previous year, the assessment of the subjects was not based on any specific stage of the menstrual cycle. The women were advised to use barrier contraception, instructed not to modify their usual eating habits throughout the study, and asked to report any side effects during the treatment. In addition, safety parameters (haematology, liver and renal function and serum electrolytes) were assessed before and at 2-month intervals during the study.
Assays
Glucose levels were determined using a standard laboratory reference method (glucose oxidase method; Roche Hitachi 917). Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were determined using an immunometric assay (Diagnostic Products Corporation, Los Angeles, CA, USA). Androstenedione and DHEAS were measured by specific double antibody RIA using 125 I-labelled hormones (Diagnostic Systems Laboratories, Webster, TX, USA). Total and free testosterone levels were measured by coated tube RIA (DiaSorin, S. p. A, Salluggia, Italy and Diagnostic Products Corporation, respectively). Insulin was determined by IRMA (Biosource Europe S.A., Nivelles, Belgium). Intraassay variations ranged from 1.6 to 6.3% and inter-assay variations ranged from 5.8 to 9.6% for the applied methods. Pre-and post-treatment samples from each patient were assayed in the same assay run.
Determination of IR
HOMA IR score calculation was applied as a measure for IR. The estimate of IR by HOMA IR score was calculated with the following formula: fasting serum insulin (mU/l)!fasting plasma glucose (mmol/l)/22.5 (44) . HOMA IR score values 2.0 were considered as a cut-off point for IR as published previously (45) . 
Statistical analysis
Normality was assessed graphically using histograms and Q-Q plots. Because no obvious deviations from normality were observed, the parametric statistical methods were used. Pre-treatment and post-treatment data were expressed as mean and S.D. Differences between the treatment groups at baseline were tested using Student's independent two-tailed t-test. Pre-treatment differences in GLUT4 mRNA expression between the women with PCOS (separately for the patients before and after treatment) and controls were also tested using Student's independent two-tailed t-test. Because of curvilinearity, bivariate associations were assessed using Spearman's rank correlation (r). Analysis of covariance (ANCOVA) approach was used to compare the treatment change between the ROSI and the MET groups (via group effect) while adjusting the outcomes for possible baseline imbalances, and to test for the effect of being treated (via intercept from the model with centred predictors). Avalue of P!0.05 was considered statistically significant.
Statistical analyses were performed with SPSS for Windows 13.0 software (SPSS Inc., Chicago, IL, USA).
Results
After the initial inclusion of 35 patients, 33 (94.3%) finished the trial according to the protocol. Two women, one from each group, were excluded due to protocol violation.
Baseline results
The meanGS.D. values for the observed parameters at baseline are reported in Table 1 . As expected because of randomization, there were no significant differences at baseline in any of the parameters between the treatment groups (P values not reported).
Changes in anthropometric and circulating variables
Only minor and statistically non-significant changes were observed in the BMI values in both groups after the treatment intervention (Table 1) . OGTT did not reveal an impaired glucose tolerance (IGT) in any of the patients studied in the ROSI group (neither at baseline nor at end point). In the MET group, two patients were found to have IGT at baseline. After treatment, the IGT was still observed in the same two patients. At baseline, 47% of patients in the MET group and 50% of patients in the ROSI group were insulin sensitive according to their HOMA IR score (!2). After 6 months of treatment, HOMA IR !2 was found again in 47% of patients in the MET group and in 56% of patients in the ROSI group. Overall, HOMA IR score values significantly decreased in both groups (PZ0.008 for the treatment/time effect). The improvement in both groups was predominantly driven by a decrease in fasting insulin values (PZ0.014 for the treatment/time effect). Furthermore, administration of both drugs was associated with a significant decrease in serum total testosterone (PZ0.001 for effect of time), on average by 16.7% (MET) and 14.1% (ROSI) respectively (Fig. 1) . No change over time occurred in the remaining circulating variables (fasting glucose, LH, FSH, androstenedione, DHEAS and free testosterone).
Changes in menstrual pattern
Both treatment interventions resulted in an improvement of patients' menstrual pattern (P!0.001 for the treatment/time effect). Menstrual frequency increased from 0.45 to 0.61 cycles per month (2.71-3.65 per 6 months) on average in the MET group and from 0.62 to 0.77 per month (3.63-4.63 per 6 months) in the ROSI group (Fig. 2) . One woman in the MET group with no menstruation during the previous 6 months before treatment had two menstruations during the treatment time. The same improvement was achieved in two women in the ROSI group. Three (19%) women in the MET and six (38%) women in the ROSI group with previously irregular cycles (of an average length of 35 days) achieved regular menses (an average cycle length of 28 days). Overall, 12 (71%) women in the MET group and 13 (81%) in the ROSI group experienced an improvement in their menstrual pattern after 6 months of treatment.
Biopsy results
As expected, there was a negative association between BMI and adipose tissue GLUT4 expression in the patients. It was less pronounced at baseline (Spearman rZK0.18, PZ0.355) than after treatment, when it became statistically significant (Spearman rZK0.42, PZ0.022). GLUT4 mRNA expression in adipocytes increased significantly with treatment in both groups (P!0.001 for the treatment/time effect). The increase was more pronounced in the ROSI group (PZ0.04 from ANCOVA; Fig. 3 ). Baseline HOMA IR was positively associated with the change in GLUT4 expression (Spearman rZ0.50, PZ0.005). However, after treatment, the values of GLUT4 mRNA were still significantly lower in both groups when compared with the control group (Fig. 4) . Both drugs were well tolerated and a few clinically minor adverse events did not lead to discontinuation of the treatment in any of the patients. Three subjects in the ROSI group complained about mild headaches. In the MET group, four subjects had temporary mild gastrointestinal problems. No elevation of liver enzymes was found and no case of oedema was reported in the ROSI group.
Discussion
Our study showed that clinical, hormonal and metabolic improvements with metformin and rosiglitazone treatment are reflected in an increased gene expression of the most important glucose transporter GLUT4 in the subcutaneous adipose tissue of women with PCOS. To our knowledge, this is the first trial to compare the efficacy of metformin and rosiglitazone on adipocyte GLUT4 mRNA expression in PCOS population.
Before the treatment, we found a significantly lower adipocyte GLUT4 mRNA expression in PCOS women when compared with age-matched healthy individuals, which is in accordance with the Rosenbaum's study (13) . After the treatment, GLUT4 mRNA expression increased significantly in adipocytes of both treatment groups, the increase being significantly more pronounced in the ROSI group. There was a positive correlation between the baseline HOMA IR score and the increase in GLUT4 expression with treatment, indicating that insulin sensitizers seem to be more potent in subjects with more pronounced IR. However, although GLUT4 mRNA expression was nearly doubled after the treatment in both groups, the post-treatment values did not reach the values of the healthy controls. Nevertheless, it needs to be pointed out that the normal weight controls were not BMI matched with overweight PCOS intervention groups. Therefore, it is practically impossible to differentiate the effects of obesity or PCOS status per se on the lower post-treatment values of GLUT4 mRNA expression in both PCOS intervention groups in comparison with higher GLUT4 mRNA expression in lean controls. A study design problem in this context originated in insufficient number of the BMI-matched healthy volunteers willing to be exposed to invasive biopsy procedure. Since GLUT4 expression is the final step in the insulin-signalling cascade leading to glucose internalization into the cell, its improvement appears to imply an overall improvement of insulin sensitivity. In agreement with this, we noticed a statistically significant improvement of IR as measured by HOMA IR score in MET and ROSI groups. Additionally, we observed improvements of clinical and hormonal parameters in both treatment arms. The interval between menstrual periods shortened significantly implying better ovarian function. Serum total testosterone levels significantly decreased, demonstrating that both rosiglitazone and metformin effectively reduced androgen secretion. No drug was found to be superior to the other, as far as metabolic, menstrual and hormonal aspects were concerned.
At present, there are limited data in the literature on the use of metformin versus rosiglitazone on these parameters in PCOS. Baillargeon et al. suggested that metformin and rosiglitazone increase ovulatory frequency and ameliorate hyperandrogenemia even in lean women with PCOS who appear to have normal insulin sensitivity (46) . Similarly, a clinically meaningful improvement in menstrual pattern and a significant reduction of testosterone concentration were observed in our study population who was not severely insulin resistant. Another study by Mitkov et al. reported a greater reduction in androgens in metformin treatment arm, while rosiglitazone was more potent in improving IR and hyperinsulinemia (47) . Legro et al. showed that rosiglitazone was more efficient than metformin in reducing elevated insulin and androgen levels in an obese PCOS population (48) . In our patients, both drugs were equally effective in reducing androgen levels, fasting insulin levels and HOMA IR score, while an improvement of GLUT4 expression was more pronounced with rosiglitazone treatment. However, considering a paucity of data from randomized controlled studies (RCTs), it is not clear whether rosiglitazone is more potent than metformin in improving the clinical and biochemical features of PCOS. Further research involving RCTs with larger numbers of patients is needed before any recommendation can be made on the usefulness of these agents in the treatment of PCOS (49) and to determine the mechanisms implied in their treatment effects.
The augmentation of insulin sensitivity was probably the most important mechanism by which metformin and rosiglitazone improved menstrual and hormonal profile in our PCOS patients, even though they were not considered severely insulin resistant. Potentially, metformin and rosiglitazone can even be efficient in PCOS women with normal insulin sensitivity, implying an additional mechanism for their efficacy in improving menstrual cyclicity and androgen profile in our patients. Several lines of evidence support the notion that TZDs have a direct effect on insulin signalling and on ovarian steroidogenesis apart from an improvement of insulin sensitivity (30, (50) (51) (52) (53) (54) . By its direct effects on the ovary, rosiglitazone may inhibit the steroidogenic enzymes and contribute to the improvement of menstrual pattern and androgen profile. The information on metformin actions on tissues other than hepatic tissues varies (16, 17, 54, 55) , and the question of direct effects of metformin on ovarian steroidogenesis remains to be resolved.
Regarding translation of our data to clinical use in PCOS women, it needs to be pointed out, however, that the issue of teratogenicity with TZDs, based on animal studies, is a real concern for the clinical use of rosiglitazone in women of reproductive age. Because of an uncertain safety profile in pregnancy, rosiglitazone Figure 3 GLUT4 mRNA expression in the adipose tissue of PCOS patients at baseline and after 6 months of treatment by the treatment groups (PZ0.040 for the difference in treatment effect between groups), MET, the group on metformin and ROSI, the group on rosiglitazone. Figure 4 Distribution of GLUT4 mRNA expression in the adipose tissue of women with PCOS at baseline, after 6 months of treatment with metformin or rosiglitazone, and in the control group (independent sample t-test: P!0.001 for patients before treatment versus controls; PZ0.015 for patients after treatment versus controls).
should not be prescribed to women wishing to conceive. Alternatively, many studies have confirmed apparent safety of metformin, with no teratogenicity and even with a potential for reducing the risk of miscarriage and gestational diabetes in PCOS women (56) . Therefore, the administration of metformin is applicable in younger women of reproductive age, whereas the potential use of rosiglitazone may be of benefit to the older PCOS women who are at higher risk of cardiometabolic complications.
Before conclusion, the limitations of our study should be taken into consideration. This is an intervention study with relatively small sample size. Even though the number of PCOS patients was limited by organizational and funding constraints, and mostly by the invasiveness of adipose tissue collection, it was still sufficient for medium standardized effect size. Furthermore, IR was not assessed by the gold standard method, the euglycemic hyperinsulinemic clamp technique, or by area under the curve for glucose and insulin during OGTT in order to better characterize IR. However, there is no consensus for the assessment of IR in PCOS and there are strengths and weaknesses in the most known methods. In addition, a specific BMI was not an inclusion criterion; therefore, we studied patients with a broad spectrum of BMI. It is possible that the potential differences in IR for lean and overweight PCOS subjects would introduce additional variability into the results, but the subgroup analysis of lean and overweight women is not warranted given the small sample size.
In conclusion, the 6-month treatment with rosiglitazone and metformin of PCOS women, with a broad spectrum of BMI who were not considered severely insulin resistant, resulted in marked improvements in GLUT4 mRNA expression in adipose tissue. The augmentation of the insulin signal transduction was accompanied by statistically significant improvement in HOMA IR score, menstrual frequency and a significant reduction in serum total testosterone concentration. Whereas rosiglitazone produced a greater increase in adipocyte GLUT4 mRNA expression when compared with metformin, suppression of HOMA IR , serum testosterone levels and the improvement of menstrual pattern were comparable in both groups. Further RCTs are required to compare the efficacy of metformin versus rosiglitazone in PCOS and to determine whether direct tissue-specific mechanisms or indirect metabolic mediators are implied in their treatment effects.
